The occurrence of positional isomers of minor C 24 unsaturated fatty acids in female gonad lipids of the limpet Cellana grata was clarified by gas chromatography-mass spectrometry of the combination of their 4,4-dimethyloxazoline and picolinyl ester derivatives. In this study, in addition to 5,9-24:2, 9,15-24:2, 5,9,15-24:3, and 5,9,17-24:3, previously identified, 24:4n-6, 24:5n-3, and four novel nonmethylene-interrupted fatty acids, 9, 17-24:2, 9,15,18-24:3, 5,9,15,18-24:4, and 5,9,15,18,21-24:5, were newly recognized. All C 24 unsaturated fatty acids detected were present only in triacylglycerols.
But their biological role and function in living organisms are not fully understood. A study of the determination of minor fatty acids might provide valuable information for comparative biochemical research on the effects of environmental factors and/or physiological conditions on fatty acid compositions in organisms. In our previous studies, 3, 4) 23 different NMI fatty acids were identified as unusual minor fatty acid components in limpet gonads by capillary gas chromatography-mass spectrometry (GC-MS) of their 4,4-dimethyloxazoline (DMOX) and picolinyl ester derivatives. Marked differences between male and female gonads of the two dominant limpet species, Cellana grata and Collisella dorsuosa, were also characterized by the composition and proportions of unusual NMI fatty acids, and the proportions of 16:0, 20:4n-6 and 20:5n-3 as major fatty acid components. Although the unusual long-chain C 24 unsaturated fatty acids in limpet gonads were found in only small or trace amounts, 3) detailed clarification of their positional isomers was not done in the previous study. This paper describes the occurrence of minor C 24 unsaturated fatty acids, including an unusual diene, triene, tetraene, and pentaene in female gonad lipids of C. grata, which may not have been described previously. From these results, a possible biosynthetic pathway for novel positional isomers of C 24 unsaturated fatty acids with 5,9-double bonds and methylene-interrupted double bonds is also discussed.
C. grata (shell length, 30 mm) was obtained in August 2001 from Miyako Bay, Iwate Prefecture, northern Japan, and was kept frozen at À20 C until analyzed. The gonads of males and females of this species were dissected, suspended in chloroform-methanol (1:2, v/v), and then homogenized for 30 s at 891 Â g using an IKA Ultra-Turrrax Ò T25 Basic (IKA Japan KK, Nara, Japan) to disrupt cells. Lipids were extracted by the method of Bligh and Dyer.
5) The extracted total lipids were fractionated into triacylglycerols (TAG) and polar lipids by thin-layer chromatography (TLC) on Kieselgel 60G (Merck, Darmstadt, Germany). The plates were developed with n-hexane/diethyl ether/acetic acid (80:30:1, v/v/v). The fatty acid methyl esters (FAMEs) were prepared by transesterification of the TAG and polar lipids with 14% BF 3 /methanol (GL Science, Tokyo, Japan). 6) To obtain sufficient amounts of FAMEs for their structural determination, FAMEs were fractionated according to the degree of unsaturation by preparative argentation TLC on 5% (w/w) silver nitrate-impregnated layers of Kieselgel 60G. The plates were developed twice with n-hexane/diethyl ether (80:20, v/v). After development, the plates were sprayed with a solution of 2 0 ,7 0 -dichlorofluorescine (0.2% solution in ethanol), and viewed under a UV lamp at 366 nm. The bands corresponding to dienoic, trienoic, tetraenoic, and pentaenoic FAMEs identified were separately scrapped y To whom correspondence should be addressed. Tel: +81-193-64-2230; Fax: +81-193-64-2234; E-mail: ajoe@iwate-pu.ac.jp Abbreviations: DMOX, 4,4-dimethyloxazoline; FAME, fatty acid methyl ester; MS, mass spectrum; NMI, nonmethylene-interrupted; PUFA, polyunsaturated fatty acid; TAG, triacylglycerols off the plates. Derivatives of DMOX and picolinyl ester were prepared as described previously. 2, 3) These derivatives were dissolved in n-hexane for analysis by GC-MS.
FAMEs, DMOX derivatives, and picolinyl esters were analyzed by gas-liquid chromatography with a Shimadzu GC-8A instrument (Shimadzu, Kyoto, Japan) equipped with a flame ionization detector and a SupelowaxÔ-10 capillary column (30 m Â 0:25 mm i.d., 0.25 mm film thickness; Supelco, Bellefonte, PA, USA). The carrier gas was helium, at a flow rate of 1.0 ml/min. The column temperature was isothermal at 210 C or at 230 C. The injector and detector temperatures were 250 and 260 C, respectively. GC-MS analyses were recorded at an ionization energy of 70 eV (electron impact ionization) using a Hewlett-Packard Agilent 5973N MS ChemStation coupled with an Agilent 6890 GC equipped with an OmegawaxÔ-320 capillary column (30 m Â 0:32 mm i.d., 0.25 mm film thickness; Supelco, Bellefonte, PA, USA). The carrier gas was helium, at a flow rate of 1.5 ml/min, and pressure programming was used in constant flow mode. The column temperature was programmed as follows: isothermal at 200 C for 2 min, increased from 200 to 210 C (1 C/min) and maintained at 210 C for 40 min. All samples were analyzed in triplicate of different gonad lipids. Data are means AE SD (n ¼ 3). Table 1 lists 10 different C 24 unsaturated fatty acids, including the novel 9,17-24:2, 9,15,18-24:3, 5,9,15,18-24:4 and 5,9,15,18,21-24:5, in female gonad lipids of C. grata determined by capillary GC-MS of the combination of their DMOX and picolinyl ester derivatives. Since these novel NMI fatty acids showed the same behavior on argentation TLC as those of other such known fatty acids corresponding to diene, triene, tetraene, and pentaene with all cis double bonds, their double bonds were assumed to be of the cis-configuration. An interesting result was that the 10 different C 24 unsaturated fatty acids comprised the positional isomers of three dienes, three trienes, two tetraenes, and two pentanes. The most interesting characteristic was the presence of 5,9,15,18-24:4 and 5,9,15,18,21-24:5 with unusual 5,9-double bonds and methylene-interrupted double bonds. Among the eight NMI C 24 fatty acids detected in this study, both 5,9-24:2 and 5,9,17-24:3 are found only in the two marine sponge species Hymeniacidon sanguinea 7) and Dysidea fragilis, 8) and 5,9-24:2, 9,15-24:2, 5,9,15-24:3 and 5,9,17-24:3 are found in the two limpet species C. grata and C. dorsuosa.
3) The presence of 9,17-24:2, 9,15,18-24:3, 5,9,15,18-24:4, and 5,9,15,18,21-24:5 may not have been reported previously, although NMI fatty acids have been found not only in marine invertebrates, and also in plant seeds 9) and fungi species. 10) In the diene fraction, the mass spectrum (MS) of the DMOX derivative 9,17-24:2 gave a molecular ion at m=z 417, indicating the presence of a C 24 dienoic acid. Double bonds at Á9 and Á17 were recognized from gaps of 12 amu between m=z 196 and 208 and between m=z 306 and 318, respectively. The structure of 9,17-24:2 was also confirmed by the MS of its picolinyl ester, which had a molecular ion at m=z 455, corresponding to the molecular weight of a C 24 dienoic acid, and fragment ions with gaps of 26 amu between m=z 234 and 260 and between m=z 344 and 370, indicating the presence of double bonds at Á9 and Á17.
In the triene fraction, the MS of the DMOX derivative 9,15,18-24:3 gave a [M] þ at m=z 415, corresponding to the molecular weight of a C 24 trienoic acid, but gaps of 12 amu between m=z 196 and 208, between m=z 278 and 290, and between m=z 318 and 330 indicated double bonds at Á9, Á15, and Á18, respectively. GC-MS data for the picolinyl ester confirmed the structure of 9,15,18-24:3 at m=z 453 [M] þ , corresponding to a C 24 trienoic acid, and at m=z 234, 260, 316, 342, 356, and 382, indicating the presence of double bonds at Á9, Á15, and Á18.
In the tetraene fraction, the molecular ion at m=z 413 in the MS of the DMOX derivative 5,9,15,18-24:4 corresponded to the molecular weight of a C 24 tetraenoic acid. This MS had an odd-mass peak at m=z 153 and an usual base peak at m=z 180, indicating the presence of double bonds at Á5 and Á9. Gaps of 12 amu between m=z 276 and 288 and between m=z 316 and 328 indicated double bonds at Á15 and Á18, respectively, in addition to the 5,9-double bonds. The structure of 5,9,15,18-24:4 was identified by these MS data. Double bond positions were also recognized in the picolinyl ester MS of 5,9,15,18-24:4, which had a molecular ion at m=z 451, corresponding to a C 24 tetraenoic acid, a diagnostic ion at m=z 219 for 5,9-double bonds, and fragment ions with gaps of 26 amu between m=z 314 and 340 and between m=z 354 and 380, indicating the presence of double bonds at Á15 and Á18.
In the pentaene fraction, the molecular ion at m=z 411 in the MS of the DMOX derivative 5,9,15,18,21-24:5 indicated the molecular weight of a C 24 pentaenoic acid. Similarly to the DMOX derivative 5,9,15,18-24:4, this MS had also diagnostic ions at m=z 153 and 180 for 5,9-double bonds. Gaps of 12 amu between m=z 276 and 288, between m=z 316 and 328, and between m=z 356 and 368 indicated double bonds at Á15, Á18, and Á21, respectively. From these data, the structure of this pentaene was determined to be 5,9,15,18,21-24:5. The structure of 5,9,15,18,21-24:5 was also confirmed by the MS of its picolinyl ester, which had a molecular ion at m=z 449, corresponding to a C 24 pentaenoic acid, a diagnostic ion at m=z 219 for 5,9-double bonds, and fragment ions with gaps of 26 amu between m=z 314 and 340, between m=z 354 and 380, and between m=z 394 and 420, indicating the presence of double bonds at Á15, Á18, and Á21.
To clarify the distribution of C 24 unsaturated fatty acids in the female gonad lipids, the C 24 unsaturated fatty acid composition of TAG and polar lipids was analyzed. Only trace amounts of trienes, tetraenes, and pentaenes with C 24 were detected in the TAG (Table 2) . Among all C 24 unsaturated fatty acids found in female gonad lipids, 9,17-24:2, 9,15,18-24:3, 5,9,15,18-24:4, 5,9,15,18,21-24:5, 24:4n-6, and 24:5n-3 were not detected in male gonad lipids of this species. Although trace amounts of C 24 polyunsaturated fatty acids (PUFAs) of both n-6 and n-3 series (< 0:1%) have been found in the oyster Ostrea edulis 11) and eight marine gastropod species from the littoral zone of the Red and Mediterranean Seas, 12) a comparative biochemical study of C 24 PUFA composition in the gonads of marine gastropod species has been done only for the oyster gonad of O. edulis.
11) Most C 24 PUFAs that are frequently present in marine gastropod species are n-6 or n-3 series, or both, tetraenoic and pentaenoic acids, mostly less than 1% of total fatty acids.
12) But both 24:4n-6 and 24:5n-3, detected in this study, have not been found in other gastropod species, including the gonads. Therefore, the occurrence of these n-6 and n-3 series PUFAs in marine gastropod species may be due mainly to different environmental conditions and dietary habits.
In contrast, among the C 24 unsaturated fatty acids detected in this study, the novel NMI fatty acids 9,17-24:2, 9,15,18-24:3, 5,9,15,18-24:4, and 5,9,15,18,21-24:5 were found in trace amounts. Although some C 24 PUFAs might be derived from the diet of this limpet, these unusual NMI C 24 fatty acids might be biosynthesized by marine organisms or some of the limpet's symbiotic organisms rather than by the limpet itself. Therefore, 5,9,15,18-24:4 and 5,9,15,18,21-24:5 might be biosynthesized by converting 20:2n-6 and 20:3n-3, each by combining two Á5 desaturation and two C 2 elongation reactions (Fig. 1) . In a possible biosynthetic pathway for 5,9,15,18-24:4, 5,11,14-20:3 might elongate into 7,13,16-22:3, which might elongate further into 9,15,18-24:3 as a precursor of 5,9,15,18-24:4. Finally, 5,9,15,18-24:4 might biosynthesize by converting 9,15, 18-24:3 by a Á5 desaturation reaction. However, although 9,15,18,21-24:4 as a putative precursor of 5,9, 15,18,21-24:5 was not found in this sample, 5,9,15, 18,21-24:5 might biosynthesize by converting 5,11, 14,17-20:4 into 9,15,18,21-24:4 by two C 2 elongation and subsequent Á5 desaturation reactions. Corroborating these hypotheses requires additional studies. The origin and biological functions of the unusual NMI C 24 fatty acids found in this study remains unclear, and further research is needed to confirm whether the occurrence of these NMI C 24 fatty acids in limpet gonads and other marine animal gonads is a consequence of intake from the marine food chain and/or de novo synthesis. 
